In this study, we investigated the spatial aggregation of old and incipient nests of Atta sexdens rubropilosa by fitting Poisson and Negative binomial models to nest abundance data. Our aim is to analyse the distribution of ant nests in eucalypt regrowth, Cerrado and native forest fragment. We also investigated the correlation between nest abundance and climatic factors, as well as different nest ages. When comparing nests of different ages we observed an aggregated pattern for both old and incipient nests. On the other hand, analysing the distribution of nests separately, only taking into account the different areas and respective borders, old nests exhibited an aggregated pattern and incipient nests showed a random pattern, except for native forest with ants exhibiting only an aggregated pattern. The levels of aggregation changed in response to different areas and border gradients, with more external borders showing higher aggregation than more internal borders. Temperature was the variable showing the highest correlation with nest abundance and the correlation between nests of different ages was totally depending on the different areas.
Introduction
Spatial aggregation is a common pattern of distribution in leaf-cutting ant nests [1] [2] . Spatial aggregation is probably associated with the availability of resources, which are heterogeneously distributed within a given habitat [3] . As a consequence, ants generally follow patterns of distribution characterized by Open Journal of Statistics Cerrado (14.56 ha) and native forest fragment (44.37 ha). The distance between the eucalypt regrowth and Cerrado areas was 638 m, between the Cerrado and native forest fragments 952 m, and between the eucalypt regrowth and native forest areas 622 m. The topography of the area is gentle rolling, with latosols and podzolic soils. The mean annual temperature is 20˚C, with a mean minimum of 3˚C and maximum of 32˚C. The mean annual precipitation is 1350 mm. The three areas received no insecticide applications during the study.
The eucalypt regrowth area contains Eucalyptus urograndis plantations, a hybrid clone between Eucalyptus grandis and Eucalyptus urophylla. The trees were 32 months old and the mean height was 7 m. Eucalypt regrowth is the most widespread planting procedure among forest companies, which saves labour in establishing new forests. The study area is bounded by a highway, a fragment of native forest, a Eucalyptus plantation, and an abandoned Eucalyptus plantation ( Figure 1 ). The Cerrado area is a savannah-like vegetation containing short, well-spaced trees, shrubs, and a sparse grass cover. It is bounded by a highway, Cerradão (tall transitional tropical forest), a Eucalyptus plantation and a eucalypt regrowth area ( Figure 1 ). The native forest fragment is a remnant of natural vegetation, containing Seasonal Semideciduous Forest, Cerrado, wetlands, and an ecological transition zone, in addition to large areas with regenerating forest mixed with exotic species, mostly Eucalyptus spp. and Pinus spp. The area has not been logged or the plants removed since 1940. It is bounded by a Eucalyptus plantation that is periodically logged, a small area with coffee, banana and citrus plantings and eucalypt regrowth ( Figure 1 ). 
Abundance Estimates
The abundance of old and incipient leaf-cutting ant nests was estimated for the three areas. To delimit each old nest we used the total area method, which is based on the volume of loose soil from each nest, as estimated by the product of the greatest length times the greatest width of loose soil [12] . The criterion for recording incipient nests was based on the presence of holes in the soil, with earth removed around them, which led to an underground chamber with a depth between 10 and 30 cm [6] [13] . A cylindrical tube measuring 35 cm in length by 2 mm in diameter was used to check the depth of the incipient nest.
Spatial Distribution Statistics

Theoretical Foundation 1) Poisson distribution applied to ant nests
The Poisson model describes count data following a random pattern of distribution with variance equal to mean [14] . Several processes, mainly in biological populations, show the variance increasing with the mean, often faster than linearly. The mean (m) is obtained from the sample mean ( x ) and it is determined as n/N, the arithmetic mean of the sample, where n is the total number of ant nests and N the total number of sampling units. The variance (s
where, F x is the frequency of nests, having 0,1, 2,3, , 
where m is the mean, the only parameter in the Poisson model, e the base of the natural logarithm, and x! is the factorial of x. The parameter m can be estimated by computing x from the data as the mean number of nests per sampling unit. 
As the Poisson model is based on probabilities, expected frequencies are required to be compared with observed frequencies, in order to verify the accuracy of the model. Then, each probability is multiplied by the total number (N) of sampling units. E(x) determines the expected frequencies of 0,1, 2,3, 4, , x z =  ant nests per sampling unit. The expected frequencies of x can be written as
The goodness-of-fit between the data and the Poisson model can be verified by using the Chi Square test, which determines how well the expected frequencies fit to observed frequencies.
2) Negative binomial distribution applied to ant nests
The negative binomial distribution is commonly used to describe clumped 
The parameter k is the degree of aggregation, tending to zero at maximum aggregation. The estimate for k can be obtained with the following iterative expression, using as a first iteration the value obtained from
to obtain
where, N is the total number of sampling units in the sample and N 0 the number of sampling units with zero nests. With x and k estimated, the probabilities of finding x nests in a sampling unit can be computed as
The expected number of sampling units containing x nests is obtained following the same steps in Equations (8) to (12) and the goodness-of-fit test follows the same procedure employed in the Poisson Model.
Application
The frequency distribution of A. sexdens rubropilosa nests was fitted to the negative binomial and Poisson distribution models in order to determine whether the spatio-temporal distribution of old and incipient nests followed an aggregated or random pattern. The number of nests per sampling unit was summarized as a frequency distribution, described as the number of plots with 0,1, 2,3, , z  nests.
The k parameter in the negative binomial distribution was used to estimate the spatial aggregation level of nests in case of data fitted to the negative binomial model. The value of k indicates the highest aggregation when it is close to zero. k was calculated by computing the maximum likelihood estimate for aggregation to obtain k as the best estimate for k [14] . The parameter k is estimated with 
where, N is the total number of sampling units, N 0 is the number of sampling units with zero individuals and k is the best estimate for k, computed from the maximum likelihood estimate. The fits of the negative binomial and Poisson models were tested with the Pearson χ 2 statistic [14] . The chi-square test statistic is usually compared to a table of probabilities with a frequency class c -2 degree of freedom for Poisson and Negative binomial probability distributions. The distribution of ant nests was analysed taking into account two dimensions, time and space. To investigate the influence of time on the distribution patterns of nests, the weekly abundance of nests was sequentially examined for variation of values over time for old and incipient nests. Then, the Negative binomial and Poisson distributions were fitted to the observed frequency of nests in the 1st and 41th weeks and the distribution patterns at the two times were compared.
To investigate the influence of space on nest distribution patterns, the frequency distribution in the three areas was also analysed with the two models, taking into account each total area and the respective area edges. Each area was analysed by subdividing it into five edges, from outside to the center, and classified as: external border, second, third, and fourth borders, and the central site ( Figure 3 ). The correlations between the total abundance of old and incipient nests, their temperature and relative humidity, as well as nests from different areas with different ages were analysed using Spearman's correlation, taking into account the non-normality of the data as evaluated with the Shapiro-Wilk test. All analyses were performed using R (RCore Team, 2013).
Results
The spatial distribution of A. sexdens rubropilosa differed markedly among the three areas investigated (Figures 4-6 the eucalypt regrowth area, compared to other areas. In these areas, both old and incipient nests occupied more internal sites, but old nests were always present in higher densities. In contrast, in the native forest fragment, old nests appeared at the border with the Eucalyptus harvest area (Figure 6 (a)) and incipient nests were close to the eucalypt regrowth and Eucalyptus plantation ( Figure 6(b) ).
The mean number of nests per hectare differed among the areas, with the eucalypt regrowth area having the highest abundance, 34.89 nests per hectare, followed by the native forest fragment, with 13.13/ha and the Cerrado with 7.76/ha.
The spatial distribution of colonies, comparing old and incipient nests at two times, the 1st and 41st weeks, followed an aggregated pattern given by the Negative binomial model, with small differences in k (Tables 1-3 Table 4 . Spatial distribution patterns of old and incipient leaf-cutting ant nests in eucalypt regrowth area, taking into account the entire nest and borders from the outermost to the innermost. Table 5 . Spatial distribution patterns of old and incipient leaf-cutting ant nests in Cerrado area, taking into account the entire nest and borders from the outermost to the innermost. Table 6 . Spatial distribution patterns of old and incipient leaf-cutting ant nests in Native forest fragment, taking into account the entire nest and borders from the outermost to the innermost. inside the eucalypt regrowth area (Table 4) . Because the incipient nests showed a random distribution, given by the Poisson distribution model (Table 4) (Table 5 ). The central site showed a higher value for k, 2.23, indicating loss of aggregation from more-external borders to the central site (Table   5 ). Incipient nests in the Cerrado showed a random pattern of distribution for all borders (Table 5 ). Old nests in the native forest fragment showed an aggregated pattern; however, more-internal sites had no nests (Table 6 ). Incipient nests also showed an aggregated distribution, although the k values were higher than for the old nests, with no nests in the more-central sites (Table 6 ).
There is a high correlation between the total number of nests and temperature in old nests in the eucalypt regrowth area (Spearman's rank correlation coefficient (rho) = 0.79, p < 0.001). Relative humidity (RH) was also significantly correlated (p < 0.02) with the total number of nests in the eucalypt regrowth area, with rho = 0.42, indicating a moderate correlation. In the incipient nests, the correlation between the number of nests and temperature was significant (p < 0.05), indicating a moderate correlation (rho = 0.36); the correlation between the number of nests and relative humidity was not significant (p > 0.05). The correlation between old and incipient nests within the eucalypt regrowth area was also not significant (p > 0.05).
In old nests in the Cerrado, the correlation between temperature and the number of ant nests was also highly significant (p < 0.001), with rho = 0.8; but the correlation between relative humidity and the number of nests was not significant (p > 0.05). In incipient nests, neither temperature nor relative humidity was correlated to the number of nests (p > 0.05). Comparison between old and incipient ant nests within the Cerrado indicated no significant correlation between them (p > 0.05). In the native forest fragment, the correlation between the number of old nests and temperature was highly significant (p < 0. 
Discussion
Our results suggest that the spatial distribution of A. sexdens rubropilosa differs between the three areas investigated, with high density of nests inside the eucalypt regrowth and Cerrado, and a concentration of nests with lower densities at the border of native forest. Three spatial patterns of nest distribution can be observed in Figures 4-6 . High densities inside the eucalypt regrowth, high densities away from the center towards the Eucalyptus in Cerrado, and nests completely concentrated at the borders in native forest. The eucalypt regrowth had the highest abundance of leaf-cutting ant nests.
The high numbers of leaf-cutting ants in Eucalyptus areas results in significant economic damage to the forestry sector [2] . Damage is easily visible and documented in the Eucalyptus forest, but is difficult to be perceived in the Cerrado With the rotation of trees, the number of leaves available to supply ant nests decreases drastically and incipient nests can be rapidly eliminated, increasing the risk that ant populations will fail to persist. However, old nests easily persist to the next Eucalyptus planting, using other resources. A variety of resources can be obtained by workers living in old nests because they are capable of foraging for much longer distances than workers in incipient nests [22] .
Cultivated plants explored by the same organism raise questions about resource choice. Plant choice in ants is important and can influence nest success, especially in cases of cultivated plant [23] . There is evidence that the continuous availability of specific plants influences ant preference [23] , and this trend can be Soares & Schoereder [27] proposed three factors that are probably associated with nest aggregation, after investigating nest distribution in Brachymyrmex sp., Hypoponera sp., Pheidole sp. and Solenopsis sp. Aggregation of suitable microhabitats, colony budding, and mutualistic interactions could account for clumping of nests in tropical forests [27] . No studies have yet examined these factors for leaf-cutting ant nests. The combination of these factors with availability of potentially favourable sites for the successful development of initial colonies could, at least partially, explain the high potential of nests of leaf-cutting ant success in these areas. showing that old nests are much more prone to be highly aggregated than are the incipient nests, which showed a random pattern in most cases. These results are probably associated with the density distribution of ants and the frequency of empty sites. Therefore, the distribution of nests is totally associated with resource distribution [3] [28]. The distribution of resources within areas determines distribution of ants, which probably develop strategies to reach food items [28] [29] . Foraging strategies are certainly linked to food-resource availability, a factor closely associated with different types of vegetation [30] . Resource availability probably influences much more incipient nests than old nests. Incipient nests are highly transitory compared to older ones, and consequently highly susceptible to local extinction. This could explain the random distribution observed in incipient nests, characterized by no aggregation and low densities.
Several environmental factors influence the establishment of incipient nests in different areas, besides the physiological and behavioural aspects that may affect the placement of incipient nests, for example, the initial effort by queens cultivating the symbiotic fungi by themselves [31] . This action requires high consumption of energy reserves and also rejection of harmful substrates for the symbiotic fungi [31] . These aspects are expected to increase the costs for queens to disperse after the mating flight [6] [31]. In addition, queens search for suitable sites to install nests, travelling different distances at a significant risk to their survival [32] . This reduces the viability of queens, influencing the density of nests, which could contribute to the low aggregation level of incipient nests.
The gradient of borders analysis showed significant influences of edges on ant nest distribution, with the more-external borders indicating more aggregated nests than the colonies placed more internally. External borders in which Eucalyptus was present concentrated many more ant nests than the more-internal areas, especially in the native forest fragment, followed by Cerrado. Some studies have found an increased density of ant nests near forest edges [33] [34] . Nest distribution patterns in the borders followed the general patterns observed for the total area, with few exceptions, as observed in the most-external border for incipient nests in eucalypt regrowth. However, particularly in this case, we observed a higher value of k, 2.3, suggesting that although data were fitted to the Negative binomial model, the level of aggregation was lower than in other borders. These results are probably associated with the lower number of sampling units with zero nests found in this border. In the Cerrado, the two more-external borders had zero colonies, and in the native forest fragment five more-internal borders had zero nests, both old and initial nests. Of the three areas, the eucalypt regrowth area had the fewest empty sites. This result can be explained by the af- to control humidity and prevent dehydration of the symbiont fungi and immatures [36] . Ants are also able to transfer nests in response to high temperatures [37] , and on a wider scale, air temperature influences their geographic distribution patterns [38] . Old and incipient nests of A. sexdens rubropilosa were significantly and highly correlated with each other only in the native forest. This result could be explained by the proximity between nests. Nests were present only in the borders of the native forest fragment, due to the proximity to the neighbouring Eucalyptus plantation. The preference of leaf-cutting ants for Eucalyptus explains the high density of nests in this area and the low abundance of nests throughout the native forest. Native forests have much more heterogeneous vegetation compared to monoculture, which significantly influences the distribution of nests [39] .
Incipient nests showed no significant difference among areas. This result could be explained by the homogeneity in terms of nest failure. Incipient nests contain a low abundance and diversity of castes, with a heavy load of tasks on the queen [40] . The founding stage, that is, the incipient nests, is certainly the stage of highest vulnerability to predation, parasitism, and competition. This is especially so for leaf-cutting ants because these ants require symbiotic fungi to establish new nests [31] . This condition is very different from that of old nests, which generally provide better conditions for ants, with tasks distributed among different castes, lightening much of the queen's load and mitigating the risks for nest establishment [13] .
The correlation combining old versus incipient nests from different areas was 
Conclusion
There is significant influence of vegetation on the spatial distribution of ant nests with different ages, with native forest having the highest concentration of nests at the borders. There is also a significant correlation between old and incipient nests, but the type of vegetation may change the levels of correlation.
